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A b s t r a c t  
The purpose o f  t h i s  r e p o r t  i s  t o  p r e d i c t  l e v e l s  
o f  exhaus t  em iss ions  due t o  h i g h  tempera tu res  i n  t h e  
main combustor o f  High-speed C i v i l  T r a n s p o r t  HSCT)  
eng ines  d u r i n g  s u p e r s o n i c  c r u i s e .  These p r e d  c t i o n s  
a r e  based on a new combustor  d e s i g n  approach:  a 
r i c h  b u r n l q u i c k  quench / lean  b u r n  combustor .  A two- 
s tage  s t i r r e d  r e a c t o r  model i s  used t o  c a l c u l a t e  
t h e  combus t ion  e f f i c i e n c y  and exhaus t  em iss ions  o f  
t h i s  nove l  combustor .  A p r o p a n e - a i r  chemical  
k i n e t i c s  model i s  used t o  s i m u l a t e  t h e  f u e l - r i c h  
combus t ion  o f  j e t  f u e l .  P r e d i c t e d  eng ine  exhaus t  
e m i s s i o n s  a r e  compared w i t h  a v a i l a b l e  e x p e r i m e n t a l  
t e s t  d a t a .  The e f f e c t  of HSCT eng ine  o p e r a t i n g  
c o n d i t i o n s  on t h e  l e v e l s  o f  exhaus t  em iss ions  i s  
a l s o  p r e s e n t e d .  The work d e s c r i b e d  i n  t h i s  paper 
i s  a p a r t  o f  t h e  NASA Lewis Research Cen te r  High-  
Speed C i v i l  T r a n s p o r t  Low NOx Combustor program. 
I n t r o d u c t i o n  
The n i t r o g e n  o x i d e  (NO,) exhaus t  em iss ions  o f  
t h e  High-speed C i v i l  T r a n s p o r t  (HSCT) t u r b o f a n  o r  
t u r b o j e t  eng ines  a t  Mach 2 .0  t o  4.0 and h i g h -  
a l t i t u d e  c r u i s e  may have d e t r i m e n t a l  e f f e c t s  on t h e  
s t r a t o s p h e r i c  ozone l a y e r . ]  The damaging e f f e c t s  
o f  p o l l u t a n t s  from exhaus t  em iss ions  have been 
r e p o r t e d  e x t e n s i v e l y  e l  sewhere . * - l o  I t  i s a n t i  c i -  
p a t e d  t h a t  c u r r e n t  combustor  des igns  o p e r a t i n g  i n  a 
h igh -speed  p r o p u l s i o n  system w i l l  p roduce n i t r o g e n  
o x i d e  l e v e l s  t h a t  a r e  much h i g h e r  t h a n  i n  c u r r e n t  
subson ic  app l  i c a t i o n s . 2  HSCT s t r a t o s p h e r i c  f l i g h t  
c o u l d  p roduce  d e t r i m e n t a l  c l i m a t i c  e f f e c t s .  There- 
f o r e ,  c o n s i d e r a b l e  r e s e a r c h  i s  needed t o  deve lop  
p r a c t i c a l  combustors  w i t h  e x t r e m e l y  low l e v e l s  o f  
NOx e m i s s i o n s .  
t u r b o j e t  i n c l u d e  a f a n  ( t u r b o f a n ) ,  a compressor ,  a 
combus to r ,  and a t u r b i n e .  A p o r t i o n  o f  t h e  com- 
p r e s s e d  a i r  p a s s i n g  t h r o u g h  t h e  t u r b o f a n  e n t e r s  t h e  
compressor ,  w h i l e  t h e  r e m a i n i n g  a i r  i s  bypassed 
around t h e  c o r e  e n g i n e  t o  p r o v i d e  a d d i t i o n a l  t h r u s t .  
The flow r a t e  and t h e  t o t a l  t empera tu re  and p r e s s u r e  
of t h e  compressed a i r  e n t e r i n g  t h e  combustor  from 
t h e  compressor  d i s c h a r g e  a r e  de te rm ined  by t h e  o v e r -  
a l l  f a n  and compress ion  r a t i o ,  f l i g h t  a l t i t u d e ,  and 
f l i g h t  speed. The h i g h  Mach c r u i s e  o p e r a t i o n  mode 
o f  HSCT eng ines  imposes i n c r e a s e d  p r e s s u r e s  and 
t e m p e r a t u r e s  a t  t h e  i n l e t  o f  t h e  t u r b o m a c h i n e r y ,  
and s u b s e q u e n t l y ,  much h i g h e r  tempera tu res  and 
p r e s s u r e s  a t  t h e  combustor  i n l e t .  The f u e l - a i r  
r a t i o  i s  d e t e r m i n e d  by t h e  combustor t empera tu re  
r i s e  r e q u i r e d  t o  o b t a i n  t h e  d e s i g n  t u r b i n e  i n l e t  
t e m p e r a t u r e .  
r e q u i r e s  c o n s i d e r a b l e  ene rgy  i n p u t ,  r e s u l t i n g  i n  
The ma in  eng ine  components o f  a ( t u r b o f a n )  
The maintenance o f  high-Mach f l i g h t  
*Aerospace e n g i n e e r .  
**Research s c i e n t i s t .  
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v e r y  h i s h  t u r b i n e  i n l e t  t empera tu res  and t h e r e f o r e ,  
h i g h  f u e l  
o f  t y p i  ca 
v e n t  i o n a l  
w i t h  t h e i  
e f f e c t  o f  
b u s t o r  i n  
a i r  r a t i o s .  Tab le  1 jhOWS a compar ison 
c r u i s e  o p e r a t i n g  c o n d i t i o n s  f o r  a con- 
subson ic  a p p l i c a t i o n  and an HSCT t o g e t h e r  
expec ted  NO, e m i s s i o n  l e v e l s .  The 
t h e  combustor  i n  HSCT eng ines  ( i . e . ,  com- 
e t  and e x i t  t empera tu res  and combustor 
i n l e t  p r e s s u r e )  on NO, e m i s s i o n  l e v e l s  i s  o f  p a r -  
t i c u l a r  impor tance .  
f o r m a t i o n  a r e  ( 1 )  r e d u c i n g  t h e  r e a c t i o n - z o n e  tem- 
p e r a t u r e  ( f l ame tempera tu re )  and ( 2 )  r e d u c i n g  t h e  
r e a c t i o n - z o n e  r e s i d e n c e  t i m e .  The r e a c t i o n - z o n e  
tempera tu re  ma be reduced  by o p e r a t i n g  w i t h  e i t h e r  
a f ~ e l - r i c h ~ l - ~ 5  o r  f u e l - l e a n  r e a c t i o n  zone,16-20 
by o p e r a t i n g  w i t h  a more homogeneous f u e l - a i r  m i x -  
t u r e ,  o r  by i n t r o d u c i n g  i n e r t  substances i n t o  t h e  
r e a c t i o n  zone.  The r e a c t i o n - z o n e  f u e l - a i r  r a t i o  
may be s h i f t e d  by a l t e r i n g  t h e  combustor  a i r f l o w  
d i s t r i b u t i o n .  However, a r i c h  zone tends t o  f o r m  
c o n s i d e r a b l e  amounts o f  ca rbon  monoxide, hydro-  
ca rbons ,  and s o o t ,  w h i l e  l e a n  r e a c t i o n  zones pose 
seve re  combus t ion  s t a b i l i t y  p rob lems .  V a r i a b l e  
geometry  m i g h t  be r e q u i r e d  t o  c o n t i n u o u s l y  c o n t r o l  
combustor a i r f l o w  d i s t r i b u t i o n  for  a wide range o f  
eng ine  o p e r a t i n g  c o n d i t i o n s  f r o m  l i g h t - o f f  t h r o u g h  
i d l e  t o  low and i n t e r m e d i a t e  power t o  h igh-power 
c r u i s e  c o n d i t i o n s . 2 1  
The two p r i n c i p l e  methods f o r  c o n t r o l l i n g  NOx 
The f u e l - a i r  m i x t u r e  c o u l d  be made more homo- 
geneous by i n c r e a s i n g  m i x i n g  i n t e n s i t y ,  by u s i n g  a 
v e r y  l a r g e  number o f  f u e l  i n j e c t i o n  p o i n t s  to d i s -  
t r i b u t e  t h e  f u e l  u n i f o r m l y ,  and p o s s i b l y  by c l o s e  
c o u p l i n g  w i t h  a f l a m e  h o l d e r  t o  p r o v i d e  h i g h  t u r b u -  
l e n c e  for  r a p i d  m i x i n g .  P r e m i x i n g  t h e  f u e l  and a i r  
b e f o r e  t h e y  e n t e r  t h e  r e a c t i o n  zone a l r o  produces 
more u n i f o r m  f u e l - a i r  m i x t u r e s  i n  t h e  - e a c t i o n  
zone;22-25 however ,  p r e m i x i n g  m i g h t  be i m p r a c t i c a l  
because f u e l  a u t o i g n i t i o n  or f l a s h b a c k  i s  l i k e l y  t o  
o c c u r  w i t h  t h e  seve re  c y c l e  c o n d i t i o n s  a s s o c i a t e d  
w i t h  an HSCT e n g i n e .  P r e v a p o r i z i n g  t h e  f u e l  b e f o r e  
i t  e n t e r s  t h e  r e a c t i o n  zone a l s o  h e l p s  t o  a c h i e v e  a 
u n i f o r m  f u e l - a i r  m i x t u r e ; 2 6  b u t  f u e l  a u t o i g n i  t i o n  
o r  f l a s h b a c k  i s  a l s o  l i k e l y  t o  o c c u r  i n  t h e  p revap-  
o r i z i n g  p r o c e s s .  Flame t e m p e r a t u r e ,  and t h e  l i k e -  
l i h o o d  o f  a u t o i g n i t i o n  o r  f l a s h b a c k ,  c o u l d  be 
reduced by i n e r t  substances such as wa te r  o r  r e c i r -  
c u l a t e d  combust i o n  p r o d u c t s .  27 U n f o r t u n a t e l y ,  
wa te r  i n j e c t i o n  would be i m p r a c t i c a l  d u r i n g  c r u i s e  
because o f  p a y l o a d  p e n a l t i e s ,  and a s i g n i f i c a n t  
i n c r e a s e  i n  t h e  amount o f  combus t ion  p r o d u c t s  
r e c i r c u l a t e d  i n  t h e  r e a c t i o n  zone m i g h t  r e q u i r e  
e x c e s s i v e  p r e s s u r e  l o s s e s .  The r e a c t i o n - z o n e  r e s i -  
dence t i m e  c o u l d  be reduced  e i t h e r  by s h o r t e n i n g  
t h e  l e n g t h  o f  t h e  r e a c t i o n  zone or oy i n c r e a s i n g  
t h e  number o f  l o c a l  b u r n i n g  zones t o  reduce  t h e  
r e c i r c u l a t i o n  p a t h  l e n g t h .  
The abatement  o f  NOx e m i s s i o n s  t o  low  l e v e l s  
a t  HSCT c y c l e  c o n d i t i o n s  w i l l  r e q u i r e  n e a r l y  p e r -  
f e c t  m i x i n g ,  r e d u c t i o n  o f  f l a m e  t e m p e r a t u r e ,  and 
r e d u c t i o n  of r e s i d e n c e  t i m e .  Most o f  t h e  e x t e n s i v e  
p r e v i o u s  r o r k  d i r e c t e d  a t  c o n t r o l l i n g  NOx e m i s s i o n s  
i n  subson ic  engines18-27 i s  l i k e l y  t o  be o f  on ly  
l i m i t e d  use a t  t h e  c y c l e  c o n d i t i o n s  e n v i s i o n e d  f o r  
an HSCT. The purpose o f  t h i s  i n v e s t i g a t i o n  i s  t o  
p r o v i d e  an i m p o r t a n t  i n i t i a l  s t e p  i n  t h e  d e s i g n  of 
combustors  aimed a t  l i m i t i n g  NO, e m i s s i o n s  i n  HSCT 
e n g i n e s .  One low NOx combustor c o n c e p t  i s  t h e  r i c h  
b u r n / q u i c k  quench/ lean b u r n  combustor .  T h i s  a i r -  
s t a g e d  combustor c o n s i s t s  o f  a r i c h  p r i m a r y  s t a g e  
f o l l o w e d  by  a qu ick -quench m i x e r  t h a t  d i l u t e s  t h e  
f u e l - r i c h  p r i m a r y  p r o d u c t s  f o r  i n t r o d u c t i o n  t o  a 
f u e l - l e a n  s t a g e  for  f i n a l  consumpt ion  o f  t h e  f u e l .  
T h i s  combustor c o n c e p t  i s  i n t e n d e d  t o  p a r t i a l l y  
b u r n  t h e  f u e l - a i r  m i x t u r e  i n  t h e  o x y g e n - d e f i c i e n t  
p r i m a r y  zone, where t h e  combust ion  t e m p e r a t u r e  i s  
l o w e r ,  t o  m i n i m i z e  t h e  f o r m a t i o n  o f  NO, e m i s s i o n s .  
The e x i t i n g ,  h o t  f u e l - r i c h  m i x t u r e  i s  t h e n  q u i c k l y  
and u n i f o r m l y  quenched so t h a t  a minimum o f  t h e r -  
mal NO, w i l l  be fo rmed i n  t h e  f i n a l  s h o r t - l e a n  
r e a c t i o n  zone. 
The o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  i s  two- 
f o l d .  F i r s t ,  t h e  combust ion  chemica l  k i n e t i c s  of 
p r o p a n e - a i r  were deve loped a t  f u e l - r i c h  c o n d i t i o n s  
and l o w e r  t e m p e r a t u r e s  and p r e s s u r e s .  The c a l c u -  
l a t e d  r e s u l t s  were t h e n  compared w i t h  a v a i l a b l e  
e x p e r i m e n t a l  d a t a  o f  t h e  r i c h  b u r n ,  q u i c k  quench, 
l e a n  b u r n  c o m b u s t i o n  system. Second, t h e  e f f e c t  of 
HSCT e n g i n e  o p e r a t i n g  c o n d i t i o n s  i n  c o n t r o l l i n g  NOx 
e m i s s i o n s  i n  t h e  r i c h  b u r n / q u i c k  q u e n c h / l e a n  b u r n  
combustor  were i n v e s t i g a t e d .  
D e s c r i p t i o n  o f  Models 
M u l t i s t a g e  W e l l - S t i r r e d  R e a c t o r  Model 
The s t i r r e d - r e a c t o r  c a l c u l a t i o n s  p r e s e n t e d  i n  
t h i s  r e p o r t  were made w i t h  t h e  computer p rogram 
d e s c r i b e d  i n  r e f e r e n c e s  28 and 29. A w e l l - s t i r r e d  
r e a c t o r  c o n s i s t s  o f  a combust ion  chamber w i t h  a 
w e l l - d e f i n e d  volume i n t o  w h i c h  t h e  f u e l - a i r  m i x t u r e  
e n t e r s  and i n s t a n t a n e o u s l y  mixes  w i t h  t h e  r e a c t o r  
c o n t e n t s  a t  a c o n s t a n t  p r e s s u r e .  The m i x t u r e  of 
r e a c t a n t s  and p r o d u c t s  f l o w s  ou t  c o n t i n u o u s l y  i n  a 
manner w h i c h  r e s u l t s  i n  a s t e a d y - s t a t e  o p e r a t i o n .  
The c o n s e r v a t i o n  e q u a t i o n s  f o r  mass, s p e c i e s ,  and 
e n e r g y  f o r m  a sys tem o f  n o n l i n e a r  a l g e b r a i c  equa- 
t i o n s  t h a t  were s o l v e d  b y  a m c d i f i e d  Newton- 
Raphson i t e r a t i o n  p r o c e d u r e .  No h e a t  t r a n s f e r  
l o s s e s  were c o n s i d e r e d  i n  t h e  mode l .  The e x h a u s t  
gases from t h e  p r i m a r y - s t a g e  r e a c t o r  were assumed 
t o  be i n s t a n t a n e o u s l y  d i l u t e d  w i t h  t h e  r e q u i r e d  
amount o f  a i r  and t h e n  t o  e n t e r  t h e  second-stage 
r e a c t o r .  The t u r b u l e n t  m i x i n g  between t h e  end of 
t h e  p r i m a r y  combust ion  zone and t h e  s t a r t  o f  sec- 
o n d a r y  c o m b u s t i o n  was a p p r o x i m a t e d  b y  t h e  back- 
m i x i n g  o f  t h e  f u e l - a i r  m i x t u r e  i n  t h e  mode l .  
Chemica l  K i n e t i c  Model 
The chemica l  k i n e t i c  r e a c t i o n  model and t h e  
r a t e  c o e f f i c i e n t s  f o r  p r o p a n e - a i r  combust ion  and 
NOx f o r m a t i o n  used i n  t h i s  s t u d y  a r e  l i s t e d  i n  
T a b l e  2. T h i s  mechanism i s  an improved v e r s i o n  of 
t h e  mechanism used b y  B i t t k e r  and W o l f b r a n d t  t o  
model s i m i l a r  r i c h - l e a n  p r o p a n e - a i r  combust ion  i n  
a two-s tage f l a m e  tube.14  A d d i t i o n a l  r e a c t i o n s  
i n v o l v i n g  H-0-N s p e c i e s  have been added and t h e  
r a t e  c o e f f i c i e n t s  have been updated  b y  u s i n g  t h e  
r e c e n t  1 i t e r a t u r e .  30-41 
o x i d a t i o n  mechanism o f  propane and t h e  f o r m a t i o n  
I t  i s r e c o g n i z e d  t h a t  t h e  
mechanisms o f  NO and NO2 (NO,) 3 r e  n o t  known w i t h  
g r e a t  c e r t a i n t y ,  e s p e c i a l l y  a t  r i c h  e q u i v a l e n c e  
r a t i o s .  Soot  f o r m a t i o n  i n  r i c h  hydrocarbons  com- 
b u s t i o n  i s  a l s o  a c o m p l i c a t i n g  f a c t o r .  For  t h e s e  
p r e l i m i n a r y  i d e a l i z e d  c o m p u t a t i ' m s .  t o  i n v e s t i g a t e  
t h e  r i c h  b u r n / q u i c k  quench/ lean b u r n  c o n c i p t  o f  
NO, c o n t r o l ,  we have used t h e  s i m p l i f i e d  w e l l -  
s t i r r e d  r e a c T o r  model and have i e g l e c t e d  any 
e f f e c t s  o f  s o o t  f o r m a t i o n .  The chemica l  model went 
t h r o u g h  s e v e r a l  i t e r a t i o n s  u n t i l  we f o u n d  one t h a t  
c o u l d  be v e r i f i e d  b y  a v a i l a b l e  s r p e r i m e n t a l  d a t a .  
A d e s c r i p t i o n  o f  t h i s  model f o l l o w s .  
f o r m a t i o n  o f  n i t r i c  o x i d e  a c c o r d i n g  t o  t h e  ex tended 
Z e l d o v i c h  mechanism, and r e a c t i o n  ( 4 )  d e s c r i b e s  t h e  
f o r m a t i o n  o f  a t o m i c  n i t r o g e n  w h i c h  has been f o u n d  
t o  be i m p o r t a n t  for  r i c h  m i x t u r e s .  O t h e r  r e a c t i o n s  
c o n c e r n i n g  t h e  f o r m a t i o n  o f  NOx a r e  d e s c r i b e d  b y  
r e a c t i o n s  ( 5 )  t o  (34). R e a c t i o n s  ( 3 5 )  t o  0 0 2 )  
d e s c r i b e  t h e  o x i d a t i o n  o f  propane and t h e  forma- 
t i o n  o f  t h e  h y d r o c a r b o n  f r a g m e n t s .  The r e a c t i o n s  
i n v o l v i n g  h y d r o c a r b o n  f r a g m e n t s  and NO a r e  
d e s c r i b e d  b y  r e a c t i o n s  ( 5 )  t o  ( 6 ) .  I n  a d d i t i o n ,  
t h e  r e a c t i o n s  between H20 and t h e  r a d i c a l s  H ,  0,  
and OH and t h e  c o n v e r s i o n  o f  NO t o  n i t r o g e n  d i o x -  
i d e ,  N02, a r e  a l s o  i n c l u d e d .  
Tab le  3 l i s t s  t h i r d - b o d y  c i l l i s i o n a l  recombi -  
n a t i o n  r e a c t i o n s 1 4  t o g e t h e r  w i  t;i t h e  chaperon e f f i -  
c i e n c y  f a c t o r s  f o r  s e v e r a l  t h i r d - b o d y  s p e c i e s  used 
i n  t h e  chemica l  k i n e t i c s  mode l .  
V a l i d a t i o n  o f  Models 
R e a c t i o n s  ( 1 )  t o  ( 3 )  ( T a b l e  2) d e s c r i b e  t h e  
The p r o p a n e - a i r  mechanism was t e s t e d  b y  
r e p e a t i n g  t h e  c o m p u t a t i o n s  o f  B i t t k e r  and 
Wo 1 f b r a n d  t wh i c h mode 1 ed t h e  ex pe r i menta 1 
NO, and CO measurements o f  G.  W o l f b r a n d t  and 
D.  S ~ h u l t z . ~ 2  
t a k e n  as p a r t  o f  t h e  C r i t i c a l  Research and Tech- 
n o l o g y  program funded by  t h e  Depar tment  of Energy .  
The purpose was t o  d e t e r m i n e  t h e  e f f e c t  of combus- 
t i o n  o p e r a t i n g  c o n d i t i o n s  o n  t h e  c o n v e r s i o n  o f  
f u e l - b o u n d  n i t r o g e n  to n i t r o g e n  o x i d e s .  
and S c h u l t z  employed a t u o - s t a g e  f l a m e  t u b e  u s i n g  
p r o p a n e - a i r  and p r o p a n e - t o l u e n e - a i r  m i x t u r e s .  
P y r i d i n e  was added t o  s i m u l a t e  f u e l - b o u n d  n i t r o g e n .  
f i g u r e  1 compares computed and e x p e r i m e n t a l  
NOx c o n c e n t r a t i o n s  f o r  a range o f  p r i m a r y  e q u i v a -  
l e n c e  r a t i o s  from 0 . 6  t o  1.8.  Secondary a i r  was 
added t o  g i v e  a secondary e q u i v a l e n c e  r a t i o  v a l b e  
o f  0.5. The pr imary-zone and secondary-zone r e s i -  
dence t i m e s  were k e p t  a t  n o m i n a ' l y  1 1  and 2 msec, 
r e s p e c t i v e l y .  The i n l e t  a i r  t e n p e r a t u r e  was 672 K 
and t h e  r e a c t o r  p r e s s u r e  was k e p t  a t  5 atm.  
r e s u l t s  a r e  for  a p r o p a n e - a i r  m i x t u r e  w i t h  n o  added 
f u e l - b o u n d  n i t r o g e n .  
F i g u r e  2 compares e x p e r i m e n t a l  and computed CO 
c o n c e n t r a t i o n s  for  t h e  same o p e r a t i n g  c o n d i t i o n s  
g i v e n  i n  F i g .  1 .  Good agreement between exper imen- 
t a l  and computed r e s u l t s  i s  o b t a i n e d  f o r  b o t h  p o l -  
l u t a n t s .  The ex tended p r o p a n e - a i r  combust ion  and 
NOx f o r m a t i o n  mechanisms used i n  t h e  p r e s e n t  work 
g i v e  b e t t e r  agreement between e x p e r i m e n t a l  and com- 
p u t e d  p o l l u t a n t s  measurements t h a n  those o b t a i n e d  
f rom p r e v i o u s  s t u d i e s . 1 4  The e f f e c t s  o f  v a r i o u s  
o p e r a t i o n a l  parameters  o n  p o l l u t a n t  e m i s s i o n s  of 
HSCT eng ines  a r e  d i s c u s s e d  n e x t .  
T h e i r  e x p e r i m e n t a l  work was under-- 
W o l f b r a n d t  
The 
2 
R e s u l t s  and D i s c u s s i o n  
E f f e c t  o f  Pr imary-Zone Residence Time 
P r e v i o u s  work on t h e  low NO, r i c h  b u r n l q u i c k  
quench / lean  b u r n  combustor from t h e  DOE/NASA Low 
NO, Heavy Fuel  Combustor Concept P r o g r a m l l  i n d i -  
c a t e d  t h a t  f i l m  c o o l i n g ,  i f  used, would produce 
cop ious  amounts o f  t he rma l  NO, i n  t h e  r i c h  zone. 
T h e r e f o r e ,  t he  r i c h  p r i m a r y  zone was t o t a l l y  regen-  
e r a t i v e l y  c o n v e c t i v e l y  c o o l e d .  I t  became c l e a r  
t h a t  f o r  a r i c h  p r i m a r y  zone t o  f u n c t i o n  success- 
f u l l y ,  t h e r e  must be c i r c u m f e r e n t i a l l y  u n i f o r m ,  
e f f e c t i v e  c o n v e c t i o n  c o o l i n g  o f  t h e  l i n e r  w a l l .  
The o v e r h e a t i n g  o f  t h e  l i n e r  w a l l  i n  t h e  r i c h  zone 
c o u l d  l i m i t  t h e  o p e r a t i n g  c o n d i t i o n s  t o  a l ower  
i n l e t  a i r  t e m p e r a t u r e .  Thus, a r i c h  p r i m a r y  zone 
w i t h  s m a l l e r  d imens ions  would improve t h e  combustor 
d u r a b i l i t y .  F u r t h e r m o r e ,  t h e  o v e r a l l  l e n g t h  o f  t h e  
combustor  s h o u l d  be k e p t  as s h o r t  as p r a c t i c a l  t o  
m i n i m i z e  eng ine  s h a f t  l e n g t h  and b e a r i n g  r e q u i r e -  
ments and t o  meet space l i m i t a t i o n s  of HSCT eng ines  
and t h e  f u s e l a g e  a r e a .  
b u r n l q u i c k  q u e n c h l l e a n  b u r n  combustor t o  s t u d y  t h e  
e f f e c t  o f  p r imary -zone  r e s i d e n c e  t i m e  on p o l l u t a n t  
e m i s s i o n s .  The e f f e c t  o f  a s m a l l e r ,  r i c h  p r i m a r y  
zone on p o l l u t a n t  e m i s s i o n  a r e  shown i n  F i g s .  3 t o  
5. Pr imary-zone r e s i d e n c e  t i m e  i s  v a r i e d  by chang- 
i n g  t h e  r i c h  p r imary -zone  r e a c t o r  volume. The NO, 
c o n c e n t r a t i o n  decreases as p r imary -zone  r e s i d e n c e  
t i m e  decreases fo r  b o t h  p r imary -zone  e q u i v a l e n c e  
r a t i o s .  A compar ison o f  F i g .  4 w i t h  F i g .  3 i n d i -  
c a t e s  t h a t  t h e  NOx r e s u l t s  a r e  more s e n s i t i v e  t o  
p r imary -zone  r e s i d e n c e  t i m e  v a r i a t i o n  for  h i g h  
i n l e t  t empera tu res  and p r e s s u r e s .  These r e s u l t s  
a r e  e x p l a i n e d  by t h e  tempera tu re ,  p r e s s u r e ,  and 
r e s i d e n c e  t i m e  e f f e c t s  on NO, f o r m i n g  r e a c t i o n s  as 
d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n .  The CO concen- 
t r a t i o n  a l s o  dec reases  n o t i c e a b l y  as p r imary -zone  
r e s i d e n c e  t i m e  dec reases  a t  h i g h  i n l e t  t empera tu res  
and p r e s s u r e s  ( F i g .  5 ) .  
E f f e c t  o f  Secondary-Zone Residence Time 
t i m e  on NO, and CO c o n c e n t r a t i o n s  i s  shown i n  
F i g s .  6 and 7 ,  r e s p e c t i v e l y .  F i g u r e  6 shows t h a t  
t h e  NO, e m i s s i o n s  a r e  s e n s i t i v e  t o  v a r i a t i o n  o f  
r e s i d e n c e  t ime  i n  t h e  l e a n  secondary zone. There 
i s  a 36 p e r c e n t  dec rease  i n  NO, c o n c e n t r a t i o n  as 
secondary r e s i d e n c e  t i m e  decreases from 2 . 8  t o  
0 . 9  msec. T h i s  dec rease  i s  due t o  t h e  s h o r t e r  
amount o f  t i m e  a v a i l a b l e  a t  t h e  b u r n i n g  c o n d i t i o n s .  
I n  c o n t r a s t ,  t h e  CO c o n c e n t r a t i o n  i n c r e a s e s  by 
45 p e r c e n t  as t h e  secondary-zone r e s i d e n c e  t i m e  
decreases f rom 2 . 8  t o  0 . 9  m s e c  ( F i g .  7 ) .  The 
decrease i n  r e a c t i o n  t i m e  i n  t h e  l e a n  zone sup- 
p resses  t h e  CO r e a c t i o n  and r e s u l t s  i n  h i g h e r  CO 
l e v e l s  i n  t h e  combustor  e x h a u s t .  
C a l c u l a t i o n s  were c a r r i e d  o u t  f o r  t h e  r i c h  
The e f f e c t  o f  l e a n  secondary-zone r e s i d e n c e  
E f f e c t  o f  Pr imary-Zone E q u i v a l e n c e  R a t i o s  
The pu rpose  o f  t hese  p a r a m e t r i c  t e s t s  was t o  
assess t h e  e f f e c t s  of  v a r y i n g  p r imary -zone  e q u i v a -  
l e n c e  r a t i o .  
r a t i o s  were v a r i e d  from 1.0 t o  2.0. A compar ison 
of NO, e m i s s i o n s  a t  each i n l e t  a i r  t empera tu re  i s  
g i v e n  i n  F i g .  8 fo r  an i n i t i a l  p r e s s u r e  o f  7 .6  atm.  
The obse rved  NO, v a l u e s  g e n e r a l l y  a r e  h i g h e s t  a t  an 
e q u i v a l e n c e  r a t i o  o f  a b o u t  0.9 or 1.0, and t h e  min-  
imum NO, l e v e l s  u s u a l l y  o c c u r  between r i c h  p r i m a r y -  
The r i c h  p r imary -zone  e q u i v a l e n c e  
zone e q u i v a l e n c e  r a t i o s  o f  1.5 and 1 . 7 .  Minimum 
NO, em iss ions  o c c u r r e d  a t  a r i c h  pr imary-zone 
equ iva lence  r a t i o  o f  1 . 6  for  a l l  o f  t h e  t e s t  cases 
s t u d i e d .  These d a t a  i n d i c a t e  t h a t  t h e  minimum NO, 
i s  be low 800 ppmm f o r  t h e  h i g h e s t  i n l e t  a i r  temper- 
a t u r e  o f  1311 K. The o p e r a t i n g  c o n d i t i o n s  o f  t h e  
r e a c t o r s  t o g e t h e r  w i t h  t h e  v a r i a t i o n  o f  NO, e m i s -  
s i o n s  w i t h  p r imary -zone  e q u i v a l e n c e  r a t i o  a t  each 
i n l e t  a i r  t empera tu re  a r e  summarized i n  Tab le  4 .  
I t  has been p o s t u l a t e d  and l a t e r  demons t ra ted  
i n  fundamenta l  exper imen ts  t h a t  a f u e l - r i c h  combus- 
t i o n  zone can be e f f e c t i v e  i n  suppress ing  NO, for-  
m a t i 0 n l 3 9 ~ 5  because oxygen i s  u n a v a i l a b l e .  The 
absence o f  oxygen i n  t h e  f u e l - r i c h  zone i s  c l e a r l y  
i l l u s t r a t e d  i n  F i g .  9 .  The a b i l i t y  o f  t h e  r i c h  
b u r n l q u i c k  q u e n c h l l e a n  b u r n  combustor t o  a c h i e v e  
s i m i l a r  l ow  NO, p o i n t  and l e v e l s  w i t h  s i g n i f i c a n t l y  
d i f f e r e n t  i n l e t  a i r  t empera tu re  c o n d i t i o n s  i s  
c l e a r l y  demonstrated i n  F i g .  8 .  
The p r imary -zone  e q u i v a l e n c e  r a t i o  was a l s o  
v a r i e d  from 0 . 6  t o  0.8 t o  show t h e  v a r i a t i o n  o f  NO, 
em iss ions  w i t h  t h e  l e a n  p r imary -zone  e q u i v a l e n c e  
r a t i o s  ( F i g .  8 ) .  A l e a n  p r i m a r y  zone o p e r a t e s  a t  
l ower  r e a c t i o n  tempera tu res  than  a r i c h  p r i m a r y  
zone. T h i s  i s  c l e a r l y  i l l u s t r a t e d  i n  F i g .  10. 
T h e r e f o r e ,  t h e  volume r e q u i r e d  f o r  t h e  l e a n  p r i m a r y  
zone i s  l a r g e r  than  t h e  r i c h  p r imary -zone  s e c t i o n .  
I n  g e n e r a l ,  NO, i s  formed when n i t r o g e n  i n  t h e  
atmosphere i s  s u b j e c t e d  t o  h i g h  tempera tu res  o v e r  a 
f i n i t e  p e r i o d  o f  t i m e  i n  t h e  presence o f  oxygen.  
The o x i d a t i o n  o f  a tmospher i c  n i t r o g e n  can be m i n i -  
mized by o p e r a t i n g  a t  r e a c t i o n - z o n e  t e m p e r a t u r e  
l e v e l s  be low a p p r o x i m a t e l y  1644 K .  U n f o r t u n a t e l y ,  
i n  t h e  excess oxygen s t a t e  o f  l e a n  combus t ion ,  
a tmospher i c  n i t r o g e n  can s t i l l  r e a c t  t o  produce 
h i g h  l e v e l s  o f  NO,. T h i s  would e x p l a i n  t h e  h i g h e r  
NO, l e v e l s  o b t a i n e d  a t  a p r imary -zone  e q u i v a l e n c e  
r a t i o  of 0.8 compared t o  t h e  NO, l e v e l s  o b t a i n e d  
a t  a p r imary -zone  e q u i v a l e n c e  r a t i o  o f  1 . 2 .  T h i s  
i n c r e a s e  i n  NO, l e v e l s  i s  more pronounced as t h e  
i n l e t  a i r  t empera tu re  i n c r e a s e s  as i l l u s t r a t e d  i n  
F i g .  8 .  
Table 5 summarizes CO e m i s s i o n s  r e s u l t s  as a 
f u n c t i o n  o f  r i c h  and l e a n  p r imary -zone  e q u i v a l e n c e  
r a t i o s .  F i g u r e  1 1  shows CO emiss ions  for n i n e  d i f -  
f e r e n t  pr imary-zone e q u i v a l e n c e  r a t i o s  h a v i n g  l i n e s  
o f  c o n s t a n t  i n l e t  a i r  t empera tu res .  As  p r i m a r y -  
zone e q u i v a l e n c e  r a t i o  i n c r e a s e s ,  CO emiss ions  
i n c r e a s e  p r o p o r t i o n a l l y .  A p p a r e n t l y ,  i f  t h e  l ow  
NO, and CO g o a l s  were a c h i e v e d  s i m u l t a n e o u s l y ,  t h e  
minimum NO, ach ieved  m i g h t  be compromised. I f  t h e  
need to reduce CO becomes i m p o r t a n t ,  t h e  r i c h  
p r imary -zone  s t o i c h i o m e t r y  s h o u l d  be l eaned  t o  t h e  
1 . 4  t o  1.5 e q u i v a l e n c e  r a t i o  range t o  produce 
l e s s  CO w h i l e  a c c e p t i n g  some i n c r e a s e  i n  NO, emis- 
s i o n s .  Emiss ions r e s u l t s  f o r  CO2 as a f u n c t i o n  o f  
pr imary-zone e q u i v a l e n c e  r a t i o  and i n l e t  a i r  tem- 
p e r a t u r e  a r e  shown i n  Table 6.  The h i g h  c o n c e n t r a -  
t i o n  o f  CO2 emiss ions  i n d i c a t e s  t h a t  most CO was 
o x i d i z e d .  The unburned hyd roca rbon  emiss ions  
(C3H8, CH4, C2H4, and C2H6) were a t  e x t r e m e l y  l ow  
c o n c e n t r a t i o n s  a t  a l l  c o n d i t i o n s  s t u d i e d .  These 
unburned hyd roca rbon  emiss ions  a r e  t h e  same as t h e  
unburned hyd roca rbon  c o n c e n t r a t i o n s  o b t a i n e d  f rom 
e q u i l i b r i u m  combust ion c a l c u l a t i o n s .  
E f f e c t  o f  I n l e t  A i r  Temperature 
A s e r i e s  o f  p a r a m e t r i c  t e s t s  was c a r r i e d  o u t  
t o  e v a l u a t e  t h e  s e n s i t i v i t y  o f  t h e  r i c h  b u r n l q u i c k  
3 
q u e ? c h / l e m  b u r n  combustor exhaus t  em iss ions  t o  
i n l e t  a i r  t empera tu res .  NO, em iss ions  l e v e l s  a r e  
summarized i n  Table 4 and shown i n  F i g .  8 as a 
f u n c t i o n  o f  i n l e t  a i r  t empera tu re .  NO, em iss ions  
appear t o  v a r y  e x p o n e n t i a l l y  w i t h  changes i n  i n l e t  
a i r  t empera tu re .  F i g u r e  8 shows t h a t  t h e  NO, m i n i -  
mum i n c r e a s e s  620 ppmm f o r  a 311 K i n c r e a s e  i n  
i n l e t  a i r  t e m p e r a t u r e .  A h i g h e r  i n l e t  a i r  tempera- 
t u r e  causes h i g h e r  r e a c t i o n  tempera tu res  i n  t h e  
l e a n  secondary zone ( F i g .  1 2 ) .  Th i s  r e s u l t s  i n  
h i g h e r  NO, em iss ions  i n  the  combustor  exhaus t .  
The e f f e c t s  o f  i n l e t  a i r  t empera tu re  on CO 
emiss ions  a r e  summarized i n  Tab le  5 and shown i n  
F i g .  1 1 .  Changes i n  combustor i n l e t  a i r  tempera- 
t u r e  have a s m a l l e r  o b s e r v a b l e  e f f e c t  on CO e m i s -  
s i o n s ,  e s p e c i a l l y  a t  t h e  h i g h e r  e q u i v a l e n c e  r a t i o  
l i m i t  o f  t h e  p r imary -zone  s t o i c h i o m e t r y .  The 
decrease i n  t h e  a v a i l a b i l i t y  o f  oxygen due t o  t h e  
i n c r e a s e  i n  t h e  p r imary -zone  e q u i v a l e n c e  r a t i o  
decreases t h e  CO r e a c t i o n  r a t e  and does n o t  produce 
an o b s e r v a b l e  e f f e c t  on CO emiss ions  by i n l e t  a i r  
t e m p e r a t u r e  a t  h i g h  p r imary -zone  e q u i v a l e n c e  
r a t i o s .  
change as i n l e t  a i r  t empera tu res  a r e  r a i s e d .  
E f f e c t  o f  I n i t i a l  P r e s s u r e  
Tab le  6 summarizes how C02 emiss ions  
The e f f e c t  o f  p r e s s u r e  on exhaus t  em iss ions  
was a l s o  s t u d i e d  ( F i g s .  13 and 1 4 ) .  The p r e s s u r e  
v a r i a t i o n  was 7 .6  t o  16 atm, t h e  combustor i n l e t  a i r  
t e m p e r a t u r e  was 1311 K, and t h e  l e a n  secondary-zone 
e q u i v a l e n c e  r a t i o  was 0.5.  Pr imary-zone e q u i v a l e n c e  
r a t i o s  a g a i n  ranged  f r o m  0.6 t o  2.0. The d a t a  
i n d i c a t e d  t h a t  i n c r e a s i n g  t h e  p r e s s u r e  causes an 
i n c r e a s e  i n  b o t h  NO, and CO emiss ions  l e v e l s .  How- 
e v e r ,  t h e  i n c r e a s e  i n  NOx l e v e l s  due t o  p r e s s u r e  i s  
s m a l l e s t  a t  t h e  minimum NOx p o i n t s .  
i l l u s t r a t e s  t h e  a b i l i t y  o f  t h e  r i c h  b u r n l q u i c k  
q u e n c h / l e a n  b u r n  combustor  t o  a c h i e v e  s i m i l a r  low 
NOx l e v e l s  even when i n i t i a l  p r e s s u r e  c o n d i t i o n s  
v a r y  s i g n i f i c a n t l y .  
T h i s  a g a i n  
E f f e c t  o f  Secondary-Zone Equ iva lence  R a t i o s  
The e f f e c t  o f  l e a n  secondary-zone e q u i v a l e n c e  
r a t i o s  on e m i s s i o n s  was s t u d i e d  by v a r y i n g  them 
f r o m  0 . 5  t o  0 . 7 .  
t h r e e  d i f f e r e n t  l e a n  secondary-zone e q u i v a l e n c e  
r a t i o s .  The NO, e m i s s i o n  i n c r e a s e d  by 79 p e r c e n t  
as t h e  lean-zone e q u i v a l e n c e  r a t i o  was v a r i e d  f rom 
0 . 5  t o  0 . 7 .  Change i n  t h e  lean-zone e q u i v a l e n c e  
r a t i o  a l s o  had an o b s e r v a b l e  e f f e c t  on CO emis- 
s i o n .  F i g u r e  16 i n d i c a t e s  t h a t  CO e m i s s i o n  
i n c r e a s e d  by 62 p e r c e n t  as t h e  l e a n  secondary-zone 
e q u i v a l e n c e  r a t i o  was v a r i e d  from 0 .5  t o  0 . 7 .  The 
h i g h e r  a v a i l a b i l i t y  o f  oxygen i n  t h e  l e a n  zone a t  
l ower  e q u i v a l e n c e  r a t i o s  i n c r e a s e s  t h e  CO r e a c t i o n  
r a t e  and r e s u l t s  i n  l ower  CO i n  the  combustor 
e x h a u s t .  
F i g u r e  15 shows NO, em iss ions  f o r  
Conc lus ions  
The e f f e c t s  o f  HSCT o p e r a t i n g  c o n d i t i o n s  on 
exhaus t  e m i s s i o n s  of  t h e  r i c h  b u r n l q u i c k  quench1 
l e a n  b u r n  combustor  were s t u d i e d .  E x p e r i m e n t a l  
d a t a l 4  were compared w i t h  c a l c u l a t e d  r e s u l t s .  
ma jo r  c o n c l u s i o n s  drawn f r o m  t h i s  s t u d y  f o l l o w :  
1 .  For t h e  m s t  seve re  o p e r a t i n g  c o n d i t i o n s  
c o n s i d e r e d  ( combus to r  i n l e t  t e m p e r a t u r e ,  1311 K ;  
combustor  i n l e t  p r e s s u r e ,  16 atm),  t h e  combustor  
The 
produces NOx em iss ions  o f  850 ppmm a t  t h e  minimum 
i n  t h e  NO, c u r v e  i n  t h e  r e g i o n  o f  t h e  1 . 6  p r i m a r y -  
zone e q u i v a l e n c e  r a t i o .  The l e v e l  o f  CO emiss ions  
was below 670 ppmm a t  t hese  o p e r a t i n g  c o n d i t i o n s .  
Unburned hyd roca rbons  w e r e  v e r y  m in ima l  a t  a l l  
c o n d i t i o n s  t e s t e d .  
2 .  A t  t h e  optimum c o n f i g u r a t i o n  f o r  minimum 
NO,, t h e  r i c h  b u r n 1 q u i c k  q u e n c h l l e a n  b u r n  combustor  
shows o n l y  sma l l  i n c r e a s e s  i n  NOx e m i s s i o n  l e v e l s  
as t h e  combustor  i n l e t  t e m p e r a t u r e  and p r e s s u r e  a r e  
i n c r e a s e d .  The minimum i n  t h e  NO, c u r v e  does n o t  
change w i t h  v a r i a t i o n s  i n  CombJstor i n l e t  tempera- 
t u r e  and p r e s s u r e .  T h i s  demons t ra tes  t h e  a b i l i t y  
o f  t h e  r i c h  b u r n l q u i c k  q u e n c h l l e a n  b u r n  combustor  
t o  suppress NO, e m i s s i o n s .  
3 .  NOx e m i s s i o n s  v a r y  d i r e c t l y  w i t h  changes i n  
combustor i n i t i a l  i n l e t  a i r  t e m p e r a t u r e .  p r e s s u r e ,  
r i c h  p r imary -zone  and l e a n  secondary-zone r e s i d e n c e  
t i m e ,  and l e a n  secondary-zone e q u i v a l e n c e  r a t i o .  
4 .  CO e m i s s i o n s  v a r y  i n  a d i r e c t  manner w i t h  
changes i n  combustor  i n i t i a l  i n l e t  a i r  t e m p e r a t u r e ,  
p r e s s u r e ,  r i c h  p r imary -zone  r e s i d e n c e  t i m e ,  and 
l e a n  secondary-zone e q u i v a l e n c e  r a t i o .  They v a r y  
i n  an i n v e r s e  manner w i t h  cnanqes i n  t h e  l e a n  
secondary-zone r e s i d e n c e  t i m e .  
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TABLE 2 .  - PROPANE-AIR COMBUSTION AND NO, CHEMICAL K I N E T I C  MODEL 
R e a c t i o n  











1 1  
1 2  
1 3  
I 4  
IS 
1 6  
1 7  
18 
1 9  
2 0  
2 1  
2 2  
2 3  
2 4  
2 5  
2 6  
2 7  
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a R a t e  c o n  
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R e a c t i o n  
NO + O  - N  + 0 2  
0 = N O  c N  
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CH = HCN + N 
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0 t NCO I NO + CO 
N + NCO + co 
H + NCO 1 1; i CO 
NH + OH = N + H20 
H02 + NO = NO2 + OH 
0 + NO2 - NO + 0 2  
NO + 0 = NO2 + M 
NO2 + H = NO + OH 
N + NO2 = 2N0 
M + N20 I N2 + 0 
0 + N20 I Np + 0 2  
0 + N20 - 2N0 
N20 + H = + OH 
!;CO + H = NH2 + CO 
= + H 
OH + NO I "02 + M 
HNO + H = + NO 
H + NO = + M 
HNO + OH I H2O + NO 
C3H8 = C2H5 + CH3 
CH3 + C3H8 = CH4 + C3H7 
C3H7 = C2H4 + CH3 
+ C2H6 = C2H5 + H2 
0 + C2Hg = C2H5 + OH 
OH 
M 
C2H5 + 0 2  
H 
CH3 + CH2 - C2H4 + H 
H + C2H4 = H2 + CzH3 
M 
C2H4 + OH - C2H3 + H20 
C2H4 + 0 = CH3 + HCO 
C2H4 + 0 = CH2O + CH2 
+ C2Hg - C2H5 + H 2 0  
+ C2H5 = C2H4 + H 
= C2H4 + H02 
+ C2H5 I C2H4 + H2 
+ C2H4 = C2H2 + H2 
R a t e  c o n s t a n t a * b  
A 
3 . 8 ~  1 0 9  
I . 8 2 ~ 1 0 l ~  
2 . 6 3 ~  l 0 l 4  
1 . O X 1 0 1 ~  
1 . 6 x 1 0 1 3  
2 . O X 1 0 ~ 2  
6 . 0 ~ 1 0 ~ ~  
I . ~ x I O ~ ~  
4 . 0 ~ 1 0 ~ ~  
2 .  5 x l O l 4  
3 .  ? x  I O 1  3 
3 . 7 ~ 1 0 1 2  
I .2,1013 
I . o X 1 0 ~ 4  
I . o x 1 0 ~ 4  
2 . 0 ~ 1 0 1 3  
1 . O X 1 0 ~ 3  
2 . o x  101 3 
I . O X I O ~ ~  
5 . 0 ~  IO1 
2 . 0 9 ~ 1 0 ~ ~  
5.62, I O 1  5 
3 . 4 7 ~ 1  014 
4 . 0 ~ 1 0 ~ ~  
6 . 9 2 ~  I 0 2 3  
6 . 9 2 ~  I O 1  3 
2 . 4 ~ 1 0 ~ 3  
3 .  O x  10) 5 
5 . 6 ~  1 0 1 5  
5 . 0 ~ 1 0 ~ ~  
5 . 4 ~ 1 0 ~ 5  
3 . 6 ~ 1 0 ~ 3  
5 . 0 ~ 1 0 ~ 5  
3 .  5 5 x l O l 2  
3 . O x 1  0 1 4  
2 .  4 x I O 1  
1 . 3 2 x 1 O l 4  
1 . 1 3 ~ 1 0 ~ 4  
1 . 4 5 ~ 1 0 1 3  
4 . 8 ~ 1 0 1 3  
I . 5 x 1 O l 4  
2 .  6 x l O l 7  
2 . 2 6 ~ 1 0 ~ 3  
2 . 5 ~ 1 0 1 3  
I . O X I O ~ ~  
7 . 5 9 x 1 0 1 3  
I . o X 1 0 ~ 7  
2 .ox 1012 
2 .ox  101 3 
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Ea 
41 3 7 0  
76 2 5 0  
50 4 1 0  
1 9  000 
9 9 4 0  
0 
5 3 0 0  











- 4 7 7  
5 9 6  
- 1  160 
I 4 7 0  
0 
6 5  000 
2 8  0 2 0  
2 6  6 3 0  
15 1 0 0  
2 9  000 
- 3  800 




8 3  500 
IO 3 0 0  
3 3  2 0 0  
0 
9 700 
7 8 5 0  





IO 2 0 0  
7 9  3 0 0  
3 5 0 0  
2 7 0 0  
5 000 
a 500 
R e f e r e i c e  
3 0  






1 4  
33  
3 3  
3 3  
3 3  
3 3  
3 3  
3 3  
3 3  
3 3  
33 
30 
3 0  
3 0  
1 4  
3 4  
3 0  
3 0  
3 0  
3 0  
30 
34 
3 4  
3 4  
3 4  
3 4  






3 5  










i s  t e m p e r a t u r e  in a n t  a s  g i v e n  b y  
a i s  t h e  r e a c t i o n  a c t i v a t i o n  e n e r g y  i n  c a l l m o l .  
b i m o l e c u l a r  r e a c t i o n ,  a n d  c m 6 l m o 1 2 - s e c  for  a t r i m o l e c u l a r  r e a c t i o n .  
k = AT" exp  ( - E a / R T ) .  w h e r e  
TA5LE 2 .  - Concluded 
Rate c o n s t a n t a . 3  
number 
52 
5 3  
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60 
61 
6 2  
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C2H3 T 0 2  
C2H3 + H 
i 2 H 3  t OH 
+ C2H2 = CzH 
C2H2 i 0 = CH2 + CO 
C2H2 + 0 = C2H + OH 
C2H2 + 0 = CzHO e H 
CZHO t CH2 = C2M3 CO 
CZHO i CH2 = CHzO C2M 
C2H2 t OH = C2H + H 2 0  
C2H2 + 02 = 2HC0 
CzH + 02 I HCO + CO 
CZH + 0 E CO c CH 
H + CH4 = CH3 t H2 
0 + CH4 = CH3 + OH 
OH + CHd = CH3 + H20 
CH3 + OH = CH2O + H2 
CH3 + OH = CH3O t Y 
M + CH3 * CH2 + H 
CH3 + 0 = CHqO + H 
CH3 + 0 2  = CH3O + 0 
H + CH3O I CH2O + H 
H + CHZO I HCO t H 
CHzO + OH = HCO + H20 
CHZO + H = HCO i H2 
CHzO + 0 = HCO + OH 
HCO + 0 = CO + OH 
HCO t OH = CO + H20 
HCO i H = CO + H2 
HCO + 02 * CO + HOz 
M + HCO = H + CO 
CO + 0 = COz + M 
CO + OH I CO2 + H 
H + 0 2  - O H  + O  
0 + H 2  - O H  + H  
0 + H20 = OH + OH 
H2 i OH = HzO + H 
H + 0 2  = H02 + M 
H + OH - H20 + M 
H + H  = H 2  + M  
0 + o  = 0 2  + H  
H + CH3 = H2 + CH2 
0 + CH3 = OH + CH2 
OH + CM3 = MzO + CH2 
CH + C02 = HCO + CO 
CH i 0 2  - HCO + 0 
CH2 i 02 = CHZO + 0 
CH2 + 0 = CH t OM 
CH2 i OH - CH + H20 
+ C2H3 = C2H2 t H 
= C2d2 + HO2 
= CzH? + H? 
= C2H2 + q20 
+ H 
co T 02 - c 0 2  + 0 
CH2 + H = CH + d 2  
A 
3 . 0 s  I0l6 
I .58x1013 
6. O x  I O 1  
S . S l X  10' 1 
1 .0XIO~J 
5 . 2 ~ 1 0 ~  
3 . 2 1 1 0 ~ 5  
3.56~ IO4 
3 . 0 ~ 1 0 ~ ~  
I . o y i o l 3  
4.0" 10l2 
I . o X 1 o 1 3  
6 . O x  IO1? 
1 . 4 ~ 1 0 ~ 3  
I Z6x10iJ 
I . 9 x I O l J  
2 . 5 ~  IO1 
7.a~iol: 
6 . 3 ~ 1 0 ~ :  
1 . 9 5 ~ 1 0 ~ ~  
1 . 2 9 x 1 O l 4  
z . a ~ i o I 3  
5 . 0 ~ 1 0 ~ 3  
5 .  ox 1016 
5 . 0 ~ 1 0 ~ 5  
2 . o x  101 3 
5 . O x  IO13 
3 . O x l O 1 3  
3 . 0 ~ 1  O1 3 
3. O x  IO13 
2 . 4 ~ 1 0 ~ 5  
2 . 5 x l O l 2  
1 .66x1Ol4 
3 . 2 6 x 1 0 1  3 
6 . 7 6 ~  I O 1 3  
2 . o x  101 3 
2.9x 1014 
4.17XlO~ I 
~ . 1 ~ 1 0 ~ 3  
2 . O X 1 0 1 ~  
2 . 1 7 x  1022 
1.91~10~3 
2 i"l0ll 
1 . 9 X l O ~ '  
6 . 4 ~  IO1 
2 . 7 ~ 1 0 ~ ~  
3 . 7 ~ 1 0 ~ 2  
5 . 0 ~ 1 0 ~ ~  
I . o X 1 0 ~ 3  
2 . 0 X I 0 l :  
5 o x i o l ~  
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2 8  e00 
7 000 
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- 1  790 
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3 7  
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3 5  
35 
3 4  
34 
3 4  




1 4  
14 
1 4  




3 5  
35  
3 5  
3a 
i a  
aRate constant  as g i v e n  by k - A T n  exp ( -Ea/RT).  where T i s  temperature i n  
bUni ts  o f  k 
K .  and Ea 1 s  the  r e a c t i o n  a c t i v a t i o n  energy i n  c a l l m o l .  
b imolecu lar  r e a c t i o n .  and cm6/m12-sec f o r  a t r i m o l e c u l a r  r e a c t i o n .  
a r e  sec- l  f o r  a u n i s o l e c u l a r  r e a c t i o n .  crn31ml-sec for  a 
a 





TAGLE 3 .  - THIRD-GODY COLLISION REACTIGIjS AN0 
CHAPERON EFFICIENCY 
i . 3  
6 . 5  
2 . 3  
1 . 5  
H + 02 = HO? + M 
H t 02 I H02 + M 
H t 02 = H02 t M 
H + OH = H20 + M 
H + OH = H20 + M 
H + OH = H20 + M 
OH + NO2 I HNO3 + M 
0.6 0.8 0.9 1.0 
co 2 . 'I 
CH4 I 5 . 0  I 





TABLE 4. - RICH BURN/QUICK QUENCH/LEAN BURN CCMGUSTGR NOX EMISSIONS 
PARAMETRIC DATA: PRIMARY-ZONE EOUIVALENCE RATIO.  
I N L E T  A I R  TEMPEXATURE 
[ I n i t i a l  p r e s s u r e ,  7.6 a t m ;  p r i m a r y - z o n e  r e s i d e n c e  t i m e ,  -3 m s e c ;  s e c o n d a r y -  
z o n e  r e s l d e n c e  t i m e ,  -2 m s e c . 1  
NOx e m i s s i o n s .  ppmm 
438 1329 1895 2175 1233 293 157 178 195 205 
459 1948 2590 2793 1603 463 2 2 2  274 316 334 
733 2792 3434 3488 2027 731 524 445 512 566 
1228 4012 4519 4340 2620 1204 777 777 840 g36 
I I n l e t  a i r  I P r  i m a r y - z o n e  e q u i v a l e n c e  I ia  t i o  





TABLE 5 .  - RICH 8URNlQUICK QUENCHlLEAN BURN COMBUSTOR CO EMISSIONS 
PARAMETRIC DATA: PRIMARY-ZONE EQUIVALENCE RATIO,  
I N L E T  A I R  TEMPERATURE 
[ I n i t i a l  p r e s s u r e ,  7.6 a t m ;  p r i m a r y - z o n e  r e s i d e n c e  t i m e ,  -3 m s e c ;  s e c o n d a r y -  
z o n e  r e s i d e n c e  t i m e ,  z2 m s e c . 1  
CO e m i s s i o n s ,  ppmm 
137 142 158 229 449 807 1184 1496 1627 1716 
160 174 199 2 6 2  481 836 1136 1489 1677 1743 
76 304 343 409 717 1039 1291 I506 1616 1760 
71 221 2 6 6  307 549 878 1 2 2 2  1499 1607 1768 
' I n l e t  a i r  I P r i m a r y - z o n e  e q u i v a l e n c e  r a t i o  I 
I n l e t  a i r  
t e m p e r a t u r e .  
K 
P r i m a r y - z o n e  e q u i v a l e n c e  r a t i o  
0.6 0.8 0.9 1 .o  1 . 2  1.4 1.6 I . n  I .9 2.0 





74 631 72 505 71 844 71 454 71 766 72 680 75 8B8 BO 416 82 301 83 329 
49 782 71 259 70 707 70 539 71 571 72 234 74 410 78 378 80 584 82 125 
48 045 6 8  820 6 8  737 69 389 72 504 73 392 73 I I 2  74 905 76 598 78 4 8 6  
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0 COPlPUTED CONCENTRATIONS 
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PRIMARY-ZONE EQUIVALENCE RATIO 
FIG.  1 COMPARISON OF CONPUTED AND EXPERIKNTAL NO, 
CONCENTRATIONS. INLET A I R  TEPlPERATURE. 672 K. IN- 
IT IAL PRESSURE. 5 ATM: PRIMARY-ZONE RESIDENCE TINE. 
11 MSEC; SECONDARY-ZONE EQUIVALENCE RATIO, 0.5: 
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0 2.0 4.0 6.0 8.0 10.0 12.0 
700 
PRIMARY-ZONE RESIDENCE TIME, MSEC 
FIG. 3 EFFECT OF PRIMARY-ZONE RESIDENCE TINE ON NO, EMIS- 
SION. PRIMARY-ZONE EQUIVALENCE RATIO, 1.6: INLET AIR 
TEMPERATURE, 1311 K: INITIAL PRESSURE, 7.6 ATM. 




















PRIMARY-ZONE RESIDENCE TIME, MSEC 
FIG. 4 EFFECT OF PRIMARY-ZONE RESIDENCE TIME ON NO, EMIS- 
SION. PRIMARY-ZONE EQUIVALENCE RATIO. 1.4: INLET AIR 
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PRIMARY-ZONE RESIDENCE TIME, MSEC 
FIG. 5 EFFECT OF PRIMARY-ZONE RESIDENCE T I E  ON CO EMIS- 
SION. PRIMARY-ZONE EQUIVALENCE RATIO, 1.6: INLET A I R  
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.50 1 .oo 1.50 2.00 2.50 3.00 
SECONDARY-ZONE RESIDENCE TINE, MSEC 
FIG. 6 EFFECT OF LEAN SECONDARY-ZONE RESIDENCE TINE 
ON NO, EMISSION. PRIMARY-ZONE EQUIVALENCE RATIO. 
1.6; INLET A I R  TEMPERATURE, 1311 K: IN IT IAL  PRES- 
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SECONDARY-ZONE RESIDENCE TIME. MSEC 
EFFECT OF LEAN SECONDARY-ZONE RESIDENCE TIME FIG.  7 
ON CO EMISSION. 
1.6: INLET A I R  TEMPERATURE, 1311 K: IN IT IAL PRES- 
SURE. 7.6 ATM. 
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PRIMARY-ZONE EQUIVALENCE RATIO 
FIG.  8 EFFECT OF PRIMARY-ZONE EQUIVALENCE 
RATIO ON FINAL NO, CONCENTRATION FOR VAR- 
IOUS INLET A I R  TEMPERATURES. INIT IAL 
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2000 I I 
.5 1 .o 1.5 2.0 
PRIMARY-ZONE EQUIVALENCE RATIO 
FIG. 10. - EFFECT OF PRIMARY-ZONE EQUI- 
VALENCE RATIO ON PRIMARY-ZONE EXIT TEM- 
PERATURE FOR VARIOUS INLET AIR TEMPERA- 
TURES, INLET PRESSURE, 7.6 ATM. 
2000 
1600 P INLET AIR TEMPERATURE, K - 
131 1 
1200 E r 
.5 1 .o 1.5 2.0 
PRIMARY-ZONE EQUIVALENCE RATIO 
FIG. 11 EFFECT OF PRIMARY-ZONE EQUIVA- 
LENCE RATIO ON FINAL CO CONCENTRATION 
FOR VARIOUS INLET AIR TEMPERATURES. 
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FIG. 12 EFFECT OF PRIMARY-ZONE EQUIVA- 
LENCE RATIO ON LEAN SECONDARY-ZONE RE- 
ACTION TEMPERATURE FOR VARIOUS INLET 
1900 

























.5 1 .o 1.5 
PRIMARY-ZONE EQUIVALENCE RATIO 
FIG, 13 EFFECT OF PRESSURE ON NO, EMIS- 
SION. INLET A I R  TEMPERATURE, 1311 K: 
SECONDARY-ZONE RESIDENCE TIME, 2 MSEC: 















.5 1 .o 1.5 2.0 0 
PRIMARY-ZONE EQUIVALENCE RATIO 
FIG. 1 4  EFFECT OF PRESSURE ON CO EMISSION. 
INLET AIR TEMPERATURE, 1311 K; SECONDARY- 
ZONE RESIDENCE TIME, 2 MSEC; SECONDARY- 
ZONE EQUIVALENCE RATIO. 0.5. 
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3500 - 
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SECONDARY-ZONE EQUIVALENCE RATIO 
FIG. 15 EFFECT OF SECONDARY-ZONE 
EQUIVALENCE RATIO ON NO, EMISSION. 
PRIMARY-ZONE EQUIVALENCE RATIO, 
1.6; SECONDARY-ZONE RESIDENCE 
TINE. 2 MSEC: INLET AIR TEMPERA- 

























1 . 55  .60  .65 .70  
SECONDARY-ZONE EQUIVALENCE RATIO 
FIG.  16 EFFECT OF SECONDARY-ZONE 
EQUIVALENCE RATIO ON CO EMISSION. 
PRIMARY-ZONE EQUIVALENCE RATIO, 
1.6;  SECONDARY-ZONE RESIDENCE T I E ,  
2 MSEC: INLET A I R  TEMPERATURE. 
1133 K: INITIAL PRESSURE, 7 .6  ATM. 
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